Leptin, an adipocyte-derived hormone, controls energy balance and body weight via its long form receptor LEPRb. 
Genetic deficiency of either leptin or LEPRb results in severe obesity and obesity-associated type 2 diabetes in both rodents and humans (1) (2) (3) (4) (5) (6) (7) . LEPRb in the brain mediates leptin regulation of energy homeostasis and body weight (8, 9) , whereas LEPRb in peripheral tissues (e.g. the liver, skeletal muscle, adipose tissue, pancreatic islets, and immune cells) directly regulates the metabolic activities of these tissues (10 -16) . Interestingly, obesity is associated with markedly elevated circulating leptin, a hallmark of leptin resistance (17, 18) . Defects in LEPRb signaling are primary determents for leptin resistance and obesity (17, 19 -21) .
LEPRb is a member of the cytokine receptor family (e.g. receptors for interferon-␥, erythropoietin, growth hormone, prolactin, and various interleukins) (13) . Cytokine receptors activate the JAK tyrosine kinases (JAK1, JAK2, JAK3, and Tyk2) that subsequently tyrosyl phosphorylate and activate the STAT transcription factors (22) . LEPRb is associated with JAK2 (23) (24) (25) . Leptin stimulates JAK2, which autophosphorylates as well as tyrosyl phosphorylates LEPRb (13) . Phosphorylation of Tyr 1007/1008 within the activation loop of JAK2 is required for the full activation of JAK2, whereas phosphorylated Tyr 813 in JAK2 binds to the SH2 domain of SH2B1 (26) . SH2B1 is an endogenous enhancer of leptin signaling, and genetic deletion of SH2B1 results in leptin resistance and obesity (18, 27) . Phosphorylated Tyr 1138 in LEPRb binds to STAT3, which is required for tyrosine phosphorylation and activation of STAT3 by LEPRb-associated JAK2 (23, 28) . Importantly, genetic mutation of Tyr 1138 not only abolishes leptin-stimulated phosphorylation of STAT3 but also results in morbid obesity, suggesting that Tyr 1138 -mediated phosphorylation of STAT3 is required for leptin regulation of energy balance and body weight (28) . Consistent with these observations, neuron-specific deletion of STAT3 results in severe obesity and obesity-associated metabolic disease (29, 30) . Therefore, the STAT3 pathway appears to be required for LEPRb to regulate body weight and metabolism.
In this study, we unexpectedly found that leptin still stimulated tyrosine phosphorylation of STAT3 and kinase-inactive JAK2(K882E) in JAK2-deficient cells. Our results suggest that leptin stimulates non-JAK2 tyrosine kinase(s), including the Src family tyrosine kinases, which tyrosyl phosphorylate both STAT3 and JAK2, thereby mediating the leptin pathway.
phospho-JAK2 (pY1007/1008) and ␣PY20 were from Upstate Biotechnology Inc. (Lake Placid, NY). SU6656 and PP2 were from Calbiochem Bioscience Inc. (La Jolla, CA). Leptin was from the National Hormone and Peptide Program, NIDDK, National Institutes of Health (Torrance, CA). Growth hormone (GH) and nerve growth factor (NGF) were from Sigma-Aldrich.
Generation of Stable Cell Lines-LEPRb or LEFRb Y1138F was stably introduced into ␥2A cells, which are genetically deficient of JAK2 (31, 32) KO cells were cultured at 37°C in 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM) supplemented with 25 mM glucose, 100 units/ml penicillin, 100 g/ml streptomycin, and 5% heat-inactivated fetal bovine serum (FBS).
PC12
LRb cells were grown on collagen-coated dishes in DMEM supplemented with 25 mM glucose, 100 units/ml penicillin, 100 g/ml streptomycin, 10% heat-inactivated horse serum, and 5% FBS. To induce neuronal differentiation, PC12
LRb cells were cultured for 6 days in DMEM supplemented with 25 mM glucose, 2% horse serum, 1% FBS, 100 ng/ml NGF, 100 units/ml penicillin, and 100 g/ml streptomycin. HEK293
LEPRb cells, which stably express LEPRb (35) , were grown at 37°C in 5% CO 2 in DMEM supplemented with 25 mM glucose, 100 units/ml penicillin, 100 g/ml streptomycin, and 8% calf serum.
HEK293
LEPRb cells were transiently transfected with expression plasmids using Lipofectamine TM 2000 reagents (Invitrogen) according to the manufacturer's instructions.
Immunoprecipitation and Immunoblotting-Confluent cells were deprived of serum overnight (ϳ16 h) in DMEM containing 0.6% bovine serum albumin and treated with leptin. The cells were rinsed two times with ice-cold phosphate-buffered saline, solubilized in lysis buffer (50 mM Tris, pH 7.5, 1% Nonidet P-40, 150 mM NaCl, 2 mM EGTA, 1 mM Na 3 VO 4 , 100 mM NaF, 10 mM Na 4 P 2 O 7 , 1 mM phenylmethylsulfonyl fluoride, 10 g/ml aprotinin, 10 g/ml leupeptin), and centrifuged at 14,000 ϫ g for 15 min at 4°C. Protein concentrations in the supernatant (cell extracts) were measured using a protein assay kit (Bio-Rad). The cell extracts were incubated with the indicated antibody on ice for 2 h. The immune complexes were collected on protein A-agarose during 1 h of incubation at 4°C. The beads were washed three times with washing buffer (50 mM Tris, pH 7.5, 1% Nonidet P-40, 150 mM NaCl, 2 mM EGTA) and boiled for 5 min in SDS-PAGE sample buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 2% ␤-mercaptoethanol, 10% glycerol, 0.005% bromphenol blue). The solubilized proteins were separated by SDS-PAGE, transferred to nitrocellulose membranes (Amersham Biosciences), and detected by immunoblotting with the indicated antibody using the Odyssey detection system or ECL. Some membranes were subsequently incubated at 55°C for 30 min in stripping buffer (100 mM ␤-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl, pH 6.7) to prepare them for a second round of immunoblotting.
In Vitro Kinase Assays-JAK2 was immunoprecipitated with ␣JAK2 and purified using protein A-agarose beads. Protein A-agarose bead-bound JAK2 was washed extensively with a kinase reaction buffer (50 mM HEPES, pH 7.6, 10 mM MnCl 2 , 100 mM NaCl, 0.5 mM dithiothreitol, 1 mM Na 3 VO 4 ) and incubated at room temperature for 30 min in the kinase reaction buffer supplemented with [␥-
32 P]ATP (10 Ci), 20 M cold ATP, 10 g/ml aprotinin, and 10 g/ml leupeptin. Protein A-agarose bead-bound JAK2 was washed with lysis buffer, boiled for 5 min in the SDS-PAGE sample buffer, resolved by SDS-PAGE, and transferred onto nitrocellulose membranes. Phospho-JAK2 was detected by autoradiography. The same blots were immunoblotted with ␣JAK2.
Cell Viability Assays-Cell viability was measured by the col- 
RESULTS

Leptin Stimulates JAK2-independent Tyrosine Phosphorylation of STAT3 in ␥2A
LEPRb Cells-To determine whether JAK2 is required for leptin signaling, LEPRb was stably expressed in JAK2-deficient ␥2A human fibroblast cells (␥2A LEPRb ) (33) . JAK2 was also stably introduced into ␥2A
LEPRb cells via retrovirally mediated gene transfer to generate ␥2A LEPRb/JAK2 cell lines. The cells were deprived of serum overnight and treated with 100 ng/ml leptin for 10 min. The cell extracts were immunoblotted with anti-phospho-STAT3 (pTyr 705 ) (␣pSTAT3) that recognizes phosphorylated and active STAT3. Leptin stimulated phosphorylation of endogenous STAT3 in both
␥2A
LEPRb/JAK2 and ␥2A LEPRb cells (Fig. 1A) . In contrast, leptin did not stimulate STAT3 phosphorylation in ␥2A cells (Fig.  1A) . JAK2 was detected in ␥2A
LEPRb/JAK2 cells but not in ␥2A and ␥2A
LEPRb cells as revealed by immunoblotting cell extracts with anti-JAK2 antibody (␣JAK2) (Fig. 1A ). These observations indicate that leptin stimulates tyrosine phosphorylation of STAT3 via LEPRb but independent of JAK2.
Leptin stimulated tyrosine phosphorylation of STAT3 in JAK2-deficient ␥2A
LEPRb cells in a dose-and time-dependent fashion ( Fig. 1 , B and C). STAT3 phosphorylation was detected within 5 min of leptin stimulation, reached maximal levels within 10 min, and gradually declined 30 min after leptin stimulation (Fig. 1C) .
To determine whether Tyr 1138 in LEPRb is required for leptin stimulation of STAT3 phosphorylation, LEPRb Y1138F , in which Tyr 1138 is replaced with Phe, was stably introduced into ␥2A cells via lentivirally mediated gene transfer to generate ␥2A Y1138F cell lines. Leptin stimulated tyrosine phosphorylation of endogenous STAT3 in ␥2A
LEPRb but not ␥2A Y1138F cells (Fig. 1D ). These observations suggest that Tyr 1138 is phosphorylated by non-JAK2 tyrosine kinase(s) and binds to STAT3 in response to leptin, thereby allowing the non-JAK2 tyrosine kinase(s) to phosphorylate STAT3.
Leptin Stimulates Tyrosine Phosphorylation of Kinase-inactive JAK2(K882E) in ␥2A
LEPRb/K882E Cells-Kinase-inactive JAK2(K882E) was prepared by replacing Lys 882 in the kinase domain, which is required for the binding of ATP to JAK2, with Glu. To determine whether JAK2 serves as a substrate for the non-JAK2 tyrosine kinase(s), kinase-inactive JAK2(K882E) was stably introduced into ␥2A
LEPRb cells via retrovirally mediated gene transfer to generate ␥2A LEPRb/K882E cell lines. The cells were deprived of serum overnight and treated with 100 ng/ml leptin for 10 min. JAK2 and JAK2(K882E) were immunoprecipitated with ␣JAK2 and immunoblotted with anti-phosphotyrosine antibody (␣PY). Leptin stimulated tyrosine phosphorylation of both JAK2 in ␥2A
LEPRb/JAK2 cells and JAK2(K882E) in ␥2A
LEPRb/K882E cells ( Fig. 2A ). To determine whether leptin stimulates phosphorylation of JAK2(K882E) at physiological phosphorylation sites, ␣JAK2 immunoprecipitates were immunoblotted with anti-phospho-JAK2 (pTyr 813 ) (␣p813) that specifically recognizes phosphorylated JAK2 on Tyr 813 (26, 33) . Leptin stimulated Tyr 813 phosphorylation in both JAK2(K882E) and JAK2 ( Fig. 2A) . In parallel experiments, the cell extracts were immunoblotted with anti-phospho-JAK2 (pTyr 1007/1008 ) (␣pY1007/8), which specifically recognizes phosphorylated Tyr 1007/1008 in JAK2. Leptin also stimulated Tyr 1007/1008 phosphorylation in both JAK2(K882E) and JAK2 ( Fig. 2A) . As expected, ␥2A
LEPRb cells did not express endogenous JAK2, whereas ␥2A
LEPRb/K882E cells expressed recombinant JAK2(K882E) (Fig. 2A) . The expression levels of JAK2-(K882E) and JAK2 were comparable between ␥2A LEPRb/K882E and ␥2A
LEPRb/JAK2 cells ( Fig. 2A) . Leptin stimulated Tyr 813/1007/1008 phosphorylation in JAK2(K882E) in a time-dependent manner. Tyr 813/1007/1008 phosphorylation in both JAK2(K882E) and JAK2 was maximal with 5 min of leptin stimulation and gradually declined 10 min after leptin stimulation (Fig. 2B) . However, leptin stimulated Tyr 813/1007/1008 phosphorylation to a greater extent in JAK2 than in JAK2(K882E) (Fig. 2B) LEPRb , and ␥2A LEPRb/JAK2 cells were treated without or with 100 ng/ml leptin for 10 min. The cell extracts were immunoblotted with anti-phospho-STAT3 (Tyr(P) 705 ) (␣pSTAT3), ␣STAT3, or ␣JAK2 as indicated. B, ␥2A
LEPRb cells were treated with leptin for 10 min at the concentrations of 0, 1, 5, 10, 50, or 100 ng/ml. The cell extracts were immunoblotted with ␣pSTAT3 or ␣STAT3, respectively. C, ␥2A LEPRb cells were treated with 100 ng/ml leptin for 0, 5, 10, 30, 60, and 120 min. The cell extracts were immunoblotted with ␣pSTAT3 or ␣STAT3, respectively. D, ␥2A
LEPRb and ␥2A LEPRb(Y1138F) cells were treated with 100 ng/ml leptin for 10 min. The cell extracts were immunoblotted with ␣pSTAT3 or ␣STAT3.
non-JAK2 tyrosine kinase(s), which subsequently phosphorylate JAK2; however, Tyr 1138 is required for the non-JAK2 kinase(s) to phosphorylate STAT3 (Fig. 1D) .
To determine whether JAK2-dependent and -independent pathways act coordinately to mediate leptin signaling, ␥2A LEPRb , ␥2A
LEPRb/K882E , and ␥2A LEPRb/JAK2 cells were treated with leptin (0, 10, or 50 ng/ml) for 10 min. The cell extracts were immunoblotted with ␣pSTAT3 or ␣STAT3. Consistent with the previous data, leptin dose-dependently stimulated STAT3 phosphorylation in ␥2A LEPRb cells; interestingly, kinase-inactive JAK2(K882E) significantly enhanced leptin-stimulated STAT3 phosphorylation in ␥2A LEPRb/K882E cells (Fig. 2D) . These data suggest that JAK2 is able to promote leptin signaling independent of its tyrosine kinase activity, presumably by functioning as a scaffolding and/or adaptor protein. However, leptin stimulated STAT3 phosphorylation to a greater extent in ␥2A
LEPRb/JAK2 cells (presumably by both the JAK2-dependent and -independent mechanisms) than in ␥2A LEPRb/K882E cells (Fig. 2D) . Taken together, these data suggest that the JAK2-independent pathway regulates the JAK2-dependent pathway upon leptin activation of LEPRb.
Leptin LEPRb , ␥2A LEPRb/K882E , or ␥2A LEPRb/JAK2 cells were treated with 100 ng/ml leptin for 10 min. The cell extracts were immunoprecipitated (IP) with anti-JAK2 antibody (␣JAK2) and immunoblotted with anti-phosphotyrosine antibody (␣PY). The same blots were reprobed with anti-phospho-JAK2 (pY813) (␣pY813) or ␣JAK2. In parallel experiments, cell extracts were immunoblotted with anti-phospho-JAK2 (pY1007/1008) (␣pY1007/8) or ␣JAK2. B, ␥2A
LEPRb/K882E or ␥2A LEPRb/JAK2 cells were treated with 100 ng/ml leptin for 0, 5, 10, 30, and 60 min. The cell extracts were immunoblotted with ␣pY813, ␣pY1007/8, or ␣JAK2 as indicated. C, ␥2A
LEPRb , ␥2A
LEPRb/K882E , ␥2A Y1138F , and ␥2A Y1138F/K882E cells were treated with 100 ng/ml leptin for 10 min. The cell extracts were immunoblotted with ␣pY1007/8 or ␣JAK2. In parallel experiments, the cell extracts were immunoprecipitated with ␣JAK2, immunoblotted with ␣PY, and reprobed with ␣JAK2. D, ␥2A
LEPRb , ␥2A LEPRb/K882E , and ␥2A LEPRb/JAK2 cells were treated with leptin for 10 min at the indicated concentrations. The cell extracts were immunoblotted with ␣pSTAT3 or ␣STAT3, respectively. cells were deprived of serum overnight and treated with leptin for 10 min. The cell extracts were immunoblotted with ␣pSTAT3, ␣STAT3, anti-phospho-MAPK (pThr 202 /Tyr 204 ) (␣pMAPK), ␣ERK2 that recognizes both ERK1 and ERK2, ␣pY1007/8, or ␣JAK2. Leptin stimulated phosphorylation of both STAT3 and ERK1/2 in all three cell lines even though MEF KO-LEPRb cells did not express JAK2 (Fig. 3A) . Moreover, leptin stimulated Tyr 1007/1008 phosphorylation in both JAK2(K882E) and JAK2 (Fig. 3A) . To verify that JAK2(K882E) is kinase-dead, MEF and MEF KO-LEPRb/JAK2 cells were treated with 100 ng/ml leptin for 10 min. JAK2(K882E) or JAK2 was immunoprecipitated with ␣JAK2 and subjected to in vitro kinase assays. Leptin stimulated autophosphorylation of JAK2 but not JAK2(K882E) under these conditions (Fig. 3B) . Together, these data indicate that leptin stimulates the JAK2-independent pathway in multiple cell types, including ␥2A and MEF KO cells.
MEF
Src Inhibitors Attenuate Leptin Signaling in Multiple Cell Types-
Because the Src family tyrosine kinases are expressed in leptin target cells and phosphorylate STAT3, we determined whether they were involved in the JAK2-independent pathway in response to leptin.
␥2A
LEPRb cells were pretreated with Me 2 SO (vehicle) or SU6656 (Src inhibitor) for 4 h and stimulated with 100 ng/ml leptin for an additional 10 min. The cell extracts were immunoblotted with ␣pSTAT3 or ␣STAT3. SU6656 significantly attenuated leptin stimulation of STAT3 phosphorylation in ␥2A
LEPRb cells (Fig. 4A ). SU6656 also inhibited leptin-stimulated phosphorylation of both STAT3 and JAK2(K882E) in ␥2A LEPRb/K882E cells (Fig. 4B) . To determine whether the Src family tyrosine kinases are also involved in leptin signaling in other cell types, MEF KO-LEPRb/K882E cells were pretreated with SU6656 and stimulated with 100 ng/ml leptin for 10 min. Leptin stimulated phosphorylation of both STAT3 and ERK1/2 in Me 2 SO-pretreated cells as expected (Fig. 4C) . SU6656 significantly inhibited phosphorylation of both STAT3 and ERK1/2 (Fig. 4C) .
Leptin regulates energy balance and body weight primarily by activating LEPRb in neurons (8, 9, 17) . LEPRb was stably introduced into rat adrenal pheochromocytoma (PC12) cells via retrovirally mediated gene transfer to generate PC12 LEPRb cell lines that express endogenous JAK2. To induce neuronal differentiation, PC12 LEPRb cells were treated with 100 ng/ml NGF for 6 days. NGF stimulated neurite growth and neuronal differentiation of PC12 LEPRb cells (Fig. 4D) . To determine whether the Src family tyrosine kinases mediate leptin signaling in PC12 LEPRb neurons, PC12
LEPRb cells were differentiated into neurons with NGF, pretreated with either SU6656 or PP2, two structurally distinct inhibitors of the Src family tyrosine kinases, and stimulated with 100 ng/ml leptin. Leptin stimulated phosphorylation of both STAT3 and ERK1/2 in Me 2 SO-pretreated PC12 LEPRb neurons (Fig. 4E) . Both SU6656 and PP2 significantly attenuated leptin-stimulated phosphorylation of both STAT3 and ERK1/2 (Fig. 4E) . Therefore, the Src family members may be involved in the activation of the JAK2-independent pathway in response to leptin. LRb/K882E cells were pretreated with Me 2 SO or SU6656 (10 M) for 4 h, and treated with 100 ng/ml leptin for 10 min. The cell extracts were immunoblotted with ␣pSTAT3 or ␣STAT3. In parallel, the cell extracts were immunoprecipitated (IP) with ␣JAK2 and immunoblotted with ␣PY. The same blots were reprobed with ␣JAK2. C, MEF KO-LEPRb/K882E cells were pretreated with Me 2 SO or SU6656 (10 M) for 4 h and treated with 100 ng/ml leptin for an additional 10 min. The cell extracts were immunoblotted with the indicated antibodies. D, representative images of differentiated PC12 LEPRb cells. PC12 LEPRb cells were incubated with 100 ng/ml NGF for 6 days to induce neuronal differentiation. E, PC12
LRb cells were differentiated into neurons with 100 ng/ml NGF treatment for 6 days. Differentiated cells were pretreated with dimethyl sulfoxide, (DMSO), SU6656 (10 M), or PP2 (10 M) for 4 h, and treated with 100 ng/ml leptin for an additional 10 min. The cell extracts were immunoblotted with the indicated antibodies.
The Src Family Members Tyrosyl Phosphorylate Both STAT3
and JAK2-To determine whether the Src family tyrosine kinases phosphorylate STAT3, c-Src was coexpressed with STAT3 in HEK293
LEPRb cells. The cell extracts were immunoblotted with ␣pSTAT3, ␣STAT3, anti-phospho-Src (pTyr 416 ) (␣pSrc) that recognizes active c-Src, or ␣Src. Overexpression of c-Src markedly increased phosphorylation of STAT3 (Fig.  5A) , consistent with previous reports (36) . Endogenous Src tyrosine kinases were inactive under basal conditions; in contrast, overexpressed c-Src was tyrosyl-phosphorylated and constitutively active (Fig. 5A) . Fyn, another Src family member, also phosphorylated STAT3 in a similar fashion (Fig. 5B) .
To determine whether the Src family tyrosine kinases phosphorylate JAK2, c-Src was coexpressed with kinase-inactive JAK2(K882E) in HEK293
LEPRb cells. The cell extracts were immunoprecipitated with ␣JAK2 and immunoblotted with ␣PY. Overexpression of c-Src dose-dependently increased tyrosine phosphorylation of JAK2(K882E) (Fig. 5C ). These data suggest that the Src family tyrosine kinases phosphorylate JAK2, thereby enhancing the activation of the leptin pathways downstream of JAK2.
To determine whether the Src family members promote leptin signaling, c-Src or Fyn were transiently coexpressed with STAT3 in HEK293 LEPRb cells. Both c-Src and Fyn enhanced leptin stimulation of STAT3 phosphorylation (Fig.  5D ). To further determine whether the endogenous Src family members are involved in leptin stimulation of STAT3 phosphorylation, kinase-inactive Src(K298M) was coexpressed with STAT3 in HEK293 LEPRb cells. Src(K298M) dose-dependently inhibited leptin stimulation of STAT3 phosphorylation as a dominant negative mutant (Fig. 5E) . Together, these results suggest that the Src family members are candidates for the non-JAK2 kinases that mediate leptin signaling.
The JAK2-independent Pathway Mediates Leptin Stimulation of Cell Survival-To determine whether the JAK2-independent pathway mediates leptin response, we examined the ability of leptin to promote the survival of JAK2-null cells. Cell death was induced by a combination of serum deprivation and H 2 O 2 treatment, and cell viability was measured by MTT assays. H 2 O 2 treatment reduced cell viability in a time-dependent manner; leptin significantly increased the viability of JAK2-deficient ␥2A
LEPRb cells (Fig. 6A ). After 120 h of H 2 O 2 treatment, cell viability was reduced to 16%, and leptin increased the viability of ␥2A LEPRb cells by 94%. Leptin also increased the viability of MEF KO-LEPRb cells (Fig. 6B) . These results suggest that the JAK2-independent pathway mediates leptin survival signals. LEPRb cells. The cells were treated with leptin for 10 min, and the cell extracts were immunoblotted with either ␣pSTAT3 or ␣STAT3 as described for D. Con, control. LEPRb cells were pretreated with or without 100 ng/ml leptin for 8 h and then treated with 600 mM H 2 O 2 for 0, 24, 48, 72, 96, or 120 h in the absence or presence of 100 ng/ml leptin. Cell viability was measured by MTT assays. B, MEF KO-LEPRb cells were pretreated with or without 100 ng/ml leptin for 8 h and then treated with 100 mM H 2 O 2 for 0 or 144 h in the absence or presence of 100 ng/ml leptin. Cell viability was measured by MTT assays. *, p Ͻ 0.05. Con, control. GHR/JAK2 but not ␥2A GHR cells (Fig. 7A) . JAK2 was detected in ␥2A GHR/JAK2 but not ␥2A GHR cells, and GH stimulated tyrosine phosphorylation of JAK2 in ␥2A GHR/ JAK2 cells as expected (Fig. 7A) . LEPRb Y1138F was also unable to mediate STAT3 phosphorylation in response to leptin (Fig. 1D) . Both GHR and LEPRb Y1138F do not bind to STAT3; therefore, the interaction of STAT3 with the cytokine receptors may be required for cytokine-stimulated STAT3 phosphorylation by the non-JAK2 tyrosine kinase(s).
JAK2 Is Required for Growth
To determine whether the intrinsic kinase activity is required for GH-stimulated tyrosine phosphorylation of JAK2, ␥2A GHR/K882E and ␥2A GHR/JAK2 cells were stimulated with GH for 10 min. JAK2 was immunoprecipitated with ␣JAK2 and immunoblotted with ␣PY. GH stimulated tyrosine phosphorylation of JAK2 in ␥2A GHR/JAK2 cells as well as tyrosine phosphorylation of JAK2(K882E) in ␥2A GHR/K882E cells (Fig. 7B) . These data suggest that GH also stimulates the non-JAK2 tyrosine kinase(s) that subsequently tyrosyl phosphorylate JAK2 but not STAT3.
DISCUSSION
Leptin controls energy balance and body weight primarily by activating LEPRb in the brain (8, 9, 17) . Leptin stimulates LEPRb-associated JAK2. JAK2 phosphorylates LEPRb on multiple tyrosines. Phosphorylated Tyr 985 binds to SHP2 or SOCS3 (23, 37, 38) . SHP2 mediates leptin stimulation of the MAPK pathway, which is involved in the regulation of body weight (38, 39) . In contrast, the binding of SOCS3 to phosphorylated Tyr 985 inhibits leptin signaling and action (37, 40) . Phosphorylated Tyr 1138 binds to STAT3, which is required for leptin stimulation of phosphorylation and activation of STAT3 by JAK2 (23, 28) . Surprisingly, we observed that leptin stimulated LEPRb-mediated tyrosine phosphorylation of STAT3 in both human and mouse JAK2-null cells and increased the viability of JAK2-null cells. These findings demonstrate the existence of a new JAK2-independent pathway that mediates leptin response.
The Src family members are a candidate for the non-JAK2 tyrosine kinases that mediate LEPRb signaling. The Src family tyrosine kinases consist of 11 members (Blk, Brk, Fgr, Frk, Fyn, Hck, Lck, Lyn, Src, Srm, and Yes), which are widely expressed in multiple tissues, including leptin targets (e.g. the brain, liver, adipose tissue, and skeletal muscles) (41) . Leptin stimulates Hck in isolated human neutrophils and c-Src in rat kidney (42, 43) . We demonstrated that overexpressed c-Src was constitutively active and tyrosyl-phosphorylated STAT3. c-Src and Fyn enhanced the ability of leptin to stimulate STAT3 phosphorylation. Conversely, Src-specific inhibitors (both SU6656 and PP2) significantly attenuated leptin-stimulated tyrosine phosphorylation of STAT3 in both fibroblasts and neurons. Dominant negative Src(K298M) inhibited leptin-stimulated phosphorylation of STAT3. However, our data do not exclude the possibility that other non-JAK2 and non-Src tyrosine kinases may also be involved in leptin signaling.
Leptin stimulates JAK2 that autophosphorylates on multiple tyrosines. Phosphorylation of Tyr 1007/1008 in the activation loop is required for the full activation of the intrinsic tyrosine kinase activity of JAK2 (44, 45) . Phosphorylated Tyr 813 binds to SH2B1, an essential endogenous enhancer of leptin sensitivity (18, 27, 33) . Surprisingly, leptin also stimulated Tyr 813/1007/1008 phosphorylation in kinase-inactive JAK2(K882E) in JAK2-null cells, indicating that JAK2 serves as a substrate for the non-JAK2 tyrosine kinase(s) in response to leptin. The non-JAK2 tyrosine kinase(s) may stimulate JAK2 by phosphorylating JAK2 on Tyr 1007/1008 in response to leptin. Interestingly, overexpression of JAK2(K882E) enhanced leptin stimulation of STAT3 phosphorylation in JAK2-null cells, suggesting that JAK2(K882E) forms a signaling complex as a scaffolding/adaptor protein to promote leptin signaling. Therefore, the JAK2-independent pathway may cross-talk with the JAK2-dependent pathway in mediating leptin signaling.
Leptin stimulated LEPRb Y1138F -mediated phosphorylation of JAK2(K882E) but not STAT3 in JAK2-null cells, suggesting that the non-JAK2 tyrosine kinase(s) phosphorylate JAK2 and STAT3 by different mechanisms. Consistent with this idea, GH stimulated GHR-mediated tyrosine phosphorylation of JAK2(K882E) but not STAT3 in JAK2-null cells. These observations also raise the possibility that the JAK2-independent pathway may cross-talk with the JAK2-dependent pathway in response to multiple cytokines in addition to leptin.
In summary, we have identified the JAK2-independent pathway that mediates leptin stimulation of the tyrosine phosphorylation of STAT3 and ERK1/2. The Src family members of tyrosine kinases are candidates for the non-JAK2 tyrosine kinase(s) that initiate the JAK2-independent pathway. JAK2 mediates leptin signaling both by phosphorylating its substrates and by forming a signaling complex as a scaffolding/adaptor molecule. The non-JAK2 tyrosine GHR and ␥2A GHR/JAK2 cells were treated with GH (8 ϫ 10 Ϫ3 unit/ml) for 10 min. The cell extracts were immunoblotted with ␣pSTAT3 or ␣STAT3. In parallel experiments, cell extracts were immunoprecipitated (IP) with ␣JAK2 and immunoblotted with ␣PY. The same blots were reprobed with ␣JAK2. B, ␥2A
GHR/K882E and ␥2A GHR/JAK2 cells were treated with GH (8 ϫ 10 Ϫ3 unit/ml) for 10 min. The cell extracts were immunoprecipitated with ␣JAK2 and immunoblotted with ␣PY. The same blots were immunoblotted with ␣JAK2.
kinase(s) and JAK2 may act coordinately and synergistically to promote leptin signaling.
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